etiological background, corticosteroids and broad-spectrum immunosuppressives are still part of the applied therapeutic algorithms [1] [2] [3] . Nevertheless, growing insights into the immunopathogenesis has enabled the emergence of several novel classes of therapies with different mechanisms of action [4] . The introduction of anti-tumor necrosis factor (TNF) agents marked the beginning of pathway-based treatments and initiated a new era of targeted therapies. The approval of therapies targeting the anti-adhesion mechanism or the proinflammatory cytokines IL(interleukin)-12/IL-23 represent novel promising developments in this regard. Despite the proven success of these antibody-based therapies, there is still an unmet clinical need as a substantial subgroup of patients fails to show clinical response to the available treatment options while another substantial proportion of initial responders demonstrates subsequent loss of response. At present, the rational management of these patients is therefore still a significant clinical challenge. The identification of novel targets amenable to pharmacological intervention offers promising concepts for future IBD therapy resulting in better patient care [4] . Clinical application of immunosuppressive and then biological agents enabled the physician to not only aim for clinical improvement but also raised hopes to ideally modulate the natural course of disease, preventing debilitating complications and preserving quality of life. These aims are reflected by key therapeutic goals that have shifted away from just focusing on the resolution of clinical symptoms and rather strive to attain better outcomes of the treated IBD patients. The induction and subsequent maintenance of mucosal healing has emerged as one of the central therapeutic goals as it has indirectly been associated with better disease control [5] . However, there is still substantial debate regarding the definition of mucosal healing. Nevertheless, current and novel treatment options are evaluated regarding their therapeutic efficacy on the basis of their ability to induce mucosal healing. In the following, we will give an overview on the definitions of mucosal healing, its probable effects on long-term disease behavior, and current and potential therapeutic targets to achieve this therapeutic goal in IBD patients.
Introduction
Inflammatory bowel diseases (IBD) comprise ulcerative colitis and Crohn's disease, which are characterized by idiopathic inflammation of the gastrointestinal tract. These disorders are marked by intermittent disease flares and sometimes chronic inflammation which result in irreversible mucosal damage, disability, and heightened incidence of colitis-associated neoplasias. The available therapeutic options for the treatment of IBD were rather limited for a long time, as the precise etiopathology of these diseases is not yet fully understood. Current concepts are based on the composition of genetic predisposition, environmental factors, and the intestinal microbiome that lead to an excessive activation of the mucosal immune system and subsequent inflammation. Due to the unclear
Mucosal Healing
The assessment and monitoring of disease activity is indispensable for the optimal therapeutic management of IBD patients. Our therapeutic decisions are based on its evaluation, and analysis of disease activity is essential for endpoints in clinical trials. The mere improvement of clinical symptoms alone is not regarded as sufficient anymore, but must be ideally accompanied by mucosal restitution. This process has been termed mucosal healing, and it was proposed that it might lead to the modification of the natural disease course by slowing down or even preventing the progression of disease [5] [6] [7] . Mucosal healing is predominantly defined by endoscopic assessment of intestinal inflammation and is mostly referred to as the absence of mucosal ulcerations in Crohn's disease [8] . In ulcerative colitis, there is more disparity in the published definitions; however, an international consensus defined it as the absence of friability, blood, erosions, and ulcers of the gut mucosa ( fig. 1 ) [9] . In order to evaluate the presence or absence of mucosal healing on endoscopy, various endoscopic scoring systems have been developed. The most frequently used endoscopic activity indices in Crohn's disease are the Crohn's Disease Endoscopic Index of Severity (CDEIS), the Simple Endoscopic Score for Crohn's Disease, and the Rutgeerts score. In ulcerative colitis, the Mayo Clinic endoscopic subscore and the Ulcerative Colitis Endoscopic Index of Severity (UCEIS) are those most widely used [5, 6] . These indices allow us to determine improvements of endoscopic lesions, even when the rather rigid endpoint of mucosal healing and thereby the total disappearance of all mucosal ulcerations is not met. Other measures of assessing the disease activity are represented by the biomarkers C-reactive protein and fecal calprotectin. They are currently not regarded as targets for treatment but are helpful indices in monitoring the patient. Histopathology is another measure of inflammation but can also not be defined as a therapeutic target at the moment [10] . However, several recent studies suggest that histologic healing of intestinal inflammation is a better predictor of long-term patient outcomes in ulcerative colitis as compared to mucosal healing on endoscopy.
Mucosal healing can only represent an indispensable treatment goal if it serves as a validated surrogate marker for effective control of the disease and subsequently for the positive modulation of the disease course. Until now, there have been no long-term interventional studies comparing the outcome of clinical versus mucosal healing-based approaches for the disease course of IBD patients. There is no prospective evidence that mucosal healing, for example, predicts a reduced need for surgeries as an endpoint for disease modification. In contrast, there are substantial indirect indications from large case series that mucosal healing is associated with better patient-related outcome matters such as reduced risk of relapse, better steroid tapering, fewer hospitalization and surgeries, lower rate of colectomies, and improved ability to work [5, 6] . These are important correlative findings, as the selected endpoints define improved quality of life for the IBD patient. Nevertheless, some aspects have to be taken into account before defining mucosal healing as an obtainable treatment goal in all IBD patients.
In this regard, one has to consider that in some patients, especially those with long-standing Crohn's disease, mucosal healing may not always reflect healing of all layers of the tissue, as endoscopy only addresses mucosal rather than transmural healing. Furthermore, one has to consider safety aspects when trying to achieve mucosal healing by intensifying the ongoing therapy, thereby increasing the risk of potentially severe side-effects. Additionally, cost aspects associated with the adaption of therapies to attain mucosal healing cannot be disregarded. Altogether, definite prospective proof that an intensification of the therapy to achieve mucosal healing is able to modulate the natural disease course is still missing. This aspect should be demonstrated in prospective trials investigating the course of disease, as it would only then be justified to escalate therapy in a patient with clinical remission to achieve mucosal healing. It should therefore be carefully evaluated in which individual circumstances mucosal healing may be proposed as the target for therapeutic interventions.
Mucosal Healing in Light of Already Approved Therapies

5-Aminosalicylates
The different representatives of the substance class of 5-aminosalicylates (5-ASA) have proven their efficacy in inducing mucosal healing in ulcerative colitis patients with mild-to-moderate disease. Among studies with oral 5-ASA formulations, the potential to induce mucosal healing was demonstrated by multimatrix (MMX) 5-ASA in two randomized, controlled phase III trials. When combining the patient populations from these studies (n = 517), the 8-week complete mucosal healing rate defined as a sigmoidoscopy score of 0 was evident in 32% in both the 2.4 g and the 4.8 g daily MMX 5-ASA group compared with 16% (27/171) in the placebo group [11, 12] . Another randomized clinical trial demonstrated mucosal healing with delayed-release oral 5-ASA at week 6 in 80 and 68% of mild-to-moderate ulcerative colitis patients treated with 4.8 and 2.4 g/day, respectively, underlining the importance of adequate 5-ASA dosing in patients with an acute flare [13] . In contrast to ulcerative colitis, there is no clear evidence that 5-ASA may induce mucosal healing in Crohn's disease.
Corticosteroids
Corticosteroids are ineffective in inducing mucosal healing in patients with Crohn's disease. One small study indicated that prednisolone was able to induce mucosal healing in only 12% of active Crohn's disease patients after a treatment period of 4-7 weeks [14] . Another study with 8 postoperative Crohn's disease patients even failed to show any induction of mucosal healing upon 6-9 weeks of prednisolone treatment [15] . In ulcerative colitis, however, there is sufficient evidence that corticosteroids are able to induce mucosal healing. This was first proven in a seminal publication by Truelove and Witts [16] in 1955. The group was able to show that high doses of oral corticosteroids (100 mg daily) induced mucosal healing in 30 versus 10% of placebo-treated active ulcerative colitis patients within 6 weeks [16] . Other studies confirmed these findings. The application of budesonide foam 2 mg twice daily for 2 weeks and then once daily for 4 weeks was able to induce mucosal healing in 56% in comparison to 44% of placebo-treated patients with mild-to-moderate ulcerative proctitis or ulcerative proctosigmoiditis (n = 546) after 6 weeks of therapy in a recently published study [17] . A pooled analysis of two phase III studies with budesonide MMX in patients with mildly to moderately active ulcerative colitis demonstrated mucosal healing (UCDAI mucosal appearance score of 0) rates of 64% for the budesonide MMX 9 mg group in comparison to 36% in the placebo group at week 8 [18] . Overall, these data indicate that to a certain extent, different corticosteroid formulations are able to induce mucosal healing in ulcerative colitis patients. Nevertheless, it is important to keep in mind that cortico steroids are not able to maintain mucosal healing in the long run.
Immunomodulators
There are a couple of studies that have shown mucosal healing effects of azathioprine in Crohn's disease. The SONIC trial, for instance, compared the efficacy of azathioprine and infliximab as monotherapy or combination therapy in patients with Crohn's disease (n = 109) who were naïve to thiopurines or anti-TNF antibodies. After 26 weeks, only 16% of azathioprine monotherapy-treated patients exhibited mucosal healing, underlining the rather slow onset of action of this substance class [19] .
The probably limited capacity of methotrexate to induce mucosal healing in Crohn's disease was shown in small studies. One of them reported that 36% (5/14) of refractory Crohn's disease patients had mucosal healing after 12 weeks of treatment, whereas none of the 7 patients with ulcerative colitis did [20] .
Azathioprine is well recognized for its capacity to induce mucosal healing in ulcerative colitis patients. In a larger study comparing the effects of azathioprine monotherapy against infliximab monotherapy or the combination of both, mucosal healing rates after 4 months of therapy were 37, 55, and 63%, respectively [21] . Regarding methotrexate, a recent trial also indicated that endoscopic healing without steroids at week 16 was obtained in 21 of 60 (35.0%) patients randomized to the methotrexate arm in comparison to 13 of 51 (25.5%) patients randomized to the placebo arm in a cohort of steroid-dependent ulcerative colitis patients (p = 0.28), where clinical efficacy could not be proven on a statistically significant level [22] .
Altogether, these data indicate that methotrexate has a limited capacity to induce mucosal healing in IBD patients, although available data are rather limited. In contrast, azathioprine is able to induce mucosal healing in Crohn's disease as well as ulcerative colitis, although a delayed period of action must be taken into account.
Calcineurin Inhibitors
Data investigating the efficacy of calcineurin inhibitors to induce mucosal healing in patients with severe ulcerative colitis are scarce. Assessment after 8 days of cyclosporine treatment did not find a significant effect on mucosal healing, although another study demonstrated a higher efficacy in comparison to methylprednisolone by week 4 [5] . Tacrolimus was able to induce mucosal healing in 14/32 (44%) in comparison to 4/30 (13%) placebo-treated patients after 2 weeks of oral therapy in a multicenter study with steroid-refractory ulcerative colitis patients [23] . However, there was no statistically significant difference regarding clinical remission in both groups, thus questioning the short-term clinical benefit of the observed endoscopic findings.
Anti-TNF Antibodies
The United States Food and Drug Administration approved the first anti-TNF agent infliximab for the treatment of moderate-tosevere Crohn's disease patients in 1998. Since then, several other representatives of this substance class have entered the market and have shown efficacy not only in inducing but also in maintaining mucosal healing. Its main molecular mechanism of action is attributed to the induction of intestinal T cell apoptosis [24] , and the mucosal membrane-bound TNF expression may serve as a predictive biomarker for response, as recently assessed by an in vivo molecular imaging study [25] .
The first controlled trial to evaluate the mucosal healing properties of anti-TNF agents was the ACCENT 1 study where 13/45 (29%) of infliximab-treated Crohn's disease patients had mucosal healing at week 10 compared to just 3% (1/29) of the placebo group. The scheduled maintenance therapy with infliximab every 8 weeks led to mucosal healing at week 54 in 16/36 (44%) patients, compared to 4/22 (18%) patients who were given episodic treatment [26] . Although only a subgroup of patients was followed up endoscopically for 1 year, these results were a clear indicator for the capabilities of anti-TNF antibodies to maintain mucosal healing. The SONIC trial confirmed these results and found mucosal healing in 28/93 (30%) of infliximab-treated patients at week 26, compared to 18/109 (17%) patients on azathioprine and 37/107 (44%) patients on combination therapy with azathioprine and infliximab [19] . Subsequently, mucosal healing was also for the first time defined as the primary endpoint of clinical studies. The effects of adalimumab were evaluated in the EXTEND trial (n = 135), where 27 and 24% of adalimumab-treated Crohn's disease patients reached mucosal healing at week 12 and 52, respectively, in comparison to 13 and 0% given placebo after adalimumab induction therapy [8] . In the open-label MUSIC trial, certolizumab pegol was assessed regarding its efficacy to improve endoscopic inflammation in active Crohn's disease patients (n = 89). At week 10, after fourfold application of certolizumab pegol, the mucosal healing rate was 4%, and after 54 weeks it was 8% [27] .
In ulcerative colitis, it could similarly be shown that anti-TNF antibodies are capable of inducing mucosal healing. In the ACT1 and ACT2 trials, infliximab showed respective rates of mucosal healing in 75/121 (62%) and 73/121 (60%) patients compared to 41/121 (34%) and 38/123 (31%) of placebo-treated patients after 8 weeks. Scheduled maintenance therapy with 5 mg/kg infliximab resulted in mucosal healing rates of 46% (55/121) in infliximab-versus 18% (2/121) in placebo-treated patients in the ACT1 trial at week 54 [28] . Adalimumab similarly proved mucosal healing capacities, as a combined analysis of the two ULTRA studies reported mucosal healing rates of 43% (n = 470) in the adalimumab and of 33% in the placebo group (n = 468) at week 8 [29] . In the ULTRA-2 trial, mucosal healing at weeks 8 and 52 could be recorded in 41 and 25% of the adalimumab-treated patients in comparison to 32 and 15% in the placebo group, respectively [30] . The anti-TNF antibody golimumab was tested in the PURSUIT-SC trial, and mucosal healing was observed at week 6 in 42 and 45% in the 200/100 and the 400/200 mg groups, respectively, in comparison to 29% of patients under placebo therapy [31] . In the PURSUIT-M trial, mucosal healing at both weeks 30 and 54 could be achieved by 42% (50 mg) and 42% (100 mg) of the golimumab-treated patients as opposed to 27% with placebo [32] .
Vedolizumab
The anti-α4ß7 integrin antibody vedolizumab was approved for the treatment of Crohn's disease patients in 2014; however, there are limited data available regarding its capacity to induce mucosal healing so far. Data from a retrospective cohort study with moderate-to-severe Crohn's disease patients (n = 212) showed 12-month cumulative rates of mucosal healing in 63% of vedolizumab-treated Crohn's disease patients [33] . In ulcerative colitis, mucosal healing rates obtained in the GEMINI 1 trial at week 52 were achieved in 52 and 56% of the patients receiving vedolizumab every 8 or 4 weeks, respectively, as opposed to 20% of the placebo-treated patients [34] .
Anti-IL-12/23 Antibody
The monoclonal antibody ustekinumab that targets the common p40 subunit of the IL-12 and IL-23 cytokines was approved in the USA and many European countries for the treatment of moderate-to-severe Crohn's disease patients at the end of 2016. Endoscopic subanalyses of the UNITI and IM-UNITI trials indicate a mucosal healing rate of 9% in the ustekinumab-compared to 4% in the placebo-treated patient groups after one applied infusion at week 8. Maintenance data at week 44 with initial responders to ustekinumab therapy at week 8 showed a rate of 17% achieving mucosal healing in the group receiving ustekinumab every 8 weeks compared to 6% in those receiving ustekinumab every 12 weeks, as opposed to 4% in the placebo group [35] .
Mucosal Healing in Light of Future Targets
Oligonucleotides
Oligonucleotides are emerging as a potentially novel class of drugs with a variety of therapeutic targets. One of the first members to be tested in IBD patients was alicaforsen, an antisense inhibitor of the intracellular adhesion molecule-1, which is expressed on endothelial cells and is involved in leukocyte trafficking into the inflamed mucosa. After failure for the treatment of Crohn's disease patients, alicaforsen was successfully tested as an enema formulation in an open-label study with ulcerative colitis patients (n = 15) for a treatment period of 6 weeks. The rate of remission as defined by complete mucosal healing was observed in 33% of patients at the end of the treatment [36] . Another study from the same group found a mucosal healing rate of 24% in mild-to-moderate leftsided ulcerative colitis patients treated with 240 mg alicaforsen compared to a healing rate of 17% in a 5-ASA enema comparator group after 6 weeks of therapy [37] .
The idea of topically applying an oligonucleotide to the inflamed mucosa was also investigated in a randomized trial with the Toll-like receptor 9 agonist cobitolimod (formerly known as DIMS0150), which was topically administered during colonoscopy in two single doses at week 0 and 4 in patients with moderate-to-severe ulcerative colitis (n = 131). The DNA-based oligonucleotide missed the primary endpoint of clinical remission at week 12 but showed statistically significant results in patient-reported outcome measures at earlier time points. While mucosal healing at week 4 was reached by 35% of cobitolimod-versus 19% of placebo-treated patients (p = 0.09), clinical remission combined with mucosal healing was achieved by 21 versus 5% patients and symptomatic remission with mucosal healing by 21 versus 2% patients, respectively, at week 4 [28] . Subsequent trials will have to further evaluate the therapeutic efficacy of this substance. The most impressive results until now in the emerging field of oligonucleotides in IBD have been recorded in a phase II trial with mongersen, an antisense oligonucleotide that abrogates SMAD 7 expression, leading to restoration of immunosuppressive TGF-ß1 signaling. In a phase II trial with moderate-to-severe Crohn's disease patients (n = 160), mongersen was able to induce clinical remission for a minimum of 2 weeks after prior 2-week therapy in 65% (160 mg) compared to 10% (placebo) of the patients [39] . Endoscopic evaluation in an ongoing phase III trial will have to assess in how far this rapid clinical improvement is mirrored by mucosal healing on endoscopy.
Anti-Trafficking Therapies Etrolizumab
Etrolizumab is a monoclonal antibody selectively directed against the ß7 subunit of the α4ß7 and αEß7 integrins. It is therefore able to inhibit the interaction between α4ß7 and its ligand mucosal addressin cell adhesion molecule-1 to prevent mucosal leukocyte migration and the αEß7/E-cadherin binding to inhibit intraepithelial leukocyte retention. This dual mechanism of action might offer a possible therapeutic benefit. In a recently concluded phase II induction study, the primary endpoint of clinical remission was observed in 21% (100 mg) and 10% (300 mg) in the etrolizumab group and in 0% of the placebo group at week 10. In the exploratory analyses, 10/39 (26%) patients in the group receiving etrolizumab 100 mg and 8/39 (21%) of those receiving etrolizumab 300 mg + 420 mg loading dose had mucosal healing compared to 6/41 (15%) patients in the placebo group at week 10. Mucosal αEß7-integrin expression served as a biomarker for therapeutic response. Additional studies to explore the maintenance effects of this substance are currently underway [40] .
Ozanimod
Ozanimod is a selective oral small-molecule inhibitor that modulates the sphingosine 1-phosphate (S1P) receptor, which is necessary for activated lymphocytes to leave the lymph nodes. It causes the internalization of the S1P receptor on lymphocytes, thereby disabling them to leave the lymph node. In a phase II trial with moderately to severely active ulcerative colitis patients (n = 186), ozanimod was able to reach clinical remission at week 8 in 16% (0.5 mg) and 14% (1 mg) of patients compared to 6% of the patients in the placebo group. Mucosal healing at week 8 was achieved in 28% (0.5 mg) and 34% (1 mg) of patients and at week 32 in 32% (0.5 mg) and 33% (1 mg) of patients compared to 12% each in the placebo group at week 8 and 32. Phase III studies are already underway to further evaluate the potential of ozanimod [41] .
Anti-Cytokine Antibodies Risankizumab
The monoclonal antibody risankizumab, which is directed against the p19 subunit of IL-23, was tested in a phase II trial in patients with moderate-to-severe Crohn's disease. After 12 weeks, 24% (200 mg) and 37% (600 mg) of risankizumab-treated patients achieved clinical remission, compared with 15% of those receiving placebo. Endoscopic remission was achieved by 15% (200 mg) and 20% (600 mg) of patients receiving risankizumab compared to 3% of the placebo-treated patients. Larger studies evaluating the effects of risankizumab in Crohn's disease as well as in ulcerative colitis will soon be initiated [42] .
Janus Kinase Inhibitors
Tofactitinib Janus kinase (JAK) inhibitors are oral small-molecule therapies that target the non-receptor tyrosine kinase family which facilitate cytokine-mediated signaling through activation of the signal transducers and activators of transcription (STAT) pathway. The blockade of the JAK-STAT pathway inhibits the downstream upregulation of proinflammatory cytokines. Tofacitinib inhibits JAK 1 and JAK3, as well as JAK2 at higher doses, and was initially tested in a phase II trial in moderate-to-severe ulcerative colitis patients. Clinical remission at week 10 was reached with 10 and 15 mg tofacitinib or placebo in 48, 41 and 10%, respectively, of the cases. Mucosal healing was seen in 30, 27, and 2%, respectively. There was a dosedependent increase in both low-density and high-density lipoprotein cholesterol [44] . Phase II studies in Crohn's disease did not demonstrate similar benefits. Recently presented data from a phase III trial in patients with ulcerative colitis showed 31 and 28% mucosal healing with 10 mg tofacitinib in two separate induction studies, as compared to 16 and 12% of the placebo-treated patients.
Filgotinib
Filgotinib, an oral selective JAK1 inhibitor, was tested in a phase II study with moderate-to-severe Crohn's disease patients (n = 174). Clinical remission was reached by 47% (60/128) of patients receiving filgotinib 200 mg per day compared to 23% (10/44) of placebotreated patients at week 10. Rates of mucosal healing were 4 versus 2% in the filgotinib and placebo group, respectively, after 10 weeks. Further phase III studies will have to confirm these findings and evaluate the efficacy of filgotinib in maintenance settings [45] .
Conclusion
Mucosal healing has clearly established itself as one of the important treatment goals in IBD patients. Its possible guidance in daily clinical practice, however, will only be possible if there are uniform definitions. Novel and effective therapies will commercially be available in the near future and hopefully broaden our therapeutic possibilities to achieve mucosal healing in IBD patients. Only the characterization of their molecular mechanism of action and thus the possible prediction of therapeutic response will allow us to apply the growing number of potent therapeutic substances in a rational way and to avoid unselective usage which would not result in better care of our IBD patients in the end.
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